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ABSTRACT 


The purpose of this research was the development of a thermo- 
mechanical procedure to process Aluminum-Magnesium alloys and 
testing effects of alloying additions on these alloys. Magne- 
Sium contents of eight and ten weight percent and the alloying 
effects of copper and manganese were studied. Microstructures 
and mechanical properties at six warm rolling temperatures 
located above and below the solvus line of these alloys were 
examined. Ultimate tensile strengths in excess of 680 MPa 
(99 KSI) were obtained. 

Microstructural evidence indicated that the precipitation of 
the "beta'' intermetallic phase was one of the most important 
Meenanicoms in controlling the strength of the alloy. Further- 
more, precipitation is so rapid at higher temperatures that it 
becomes the strongest force within the microstructure and its 
presence prevents any possible recrystallization of the alloy. 
However, when the temperature exceeds the solvus temperature 
for the alloy, recrystallization does occur with large losses 


mimpotmyield and ultimate tensile strength. 
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I. INTRODUCTION 


The purpose of this thesis was to further investigate the 
effects of thermo-mechanical processing treatments on the 
mechanical properties of aluminum magnesium alloys with eight 
and ten weight percent magnesium and additional alloying ele- 
ments. Work done by Ness [Ref. 1], Bingay [Ref. 2], Glover 
[Ref. 3], Grandon [Ref. 4], Speed [Ref. 5] and Chesterman 
[Ref. 6] at the Naval Postgraduate School has produced 
strengths exceeding conventional aluminum magnesium alloys. 
Additionally, Bly, Sherby, and Young's work with hypereutec- 
toid carbon steels [Ref. 7] further indicated that, by thermo- 
mechanical processing of an alloy, a finer grained micro- 
Mruetune Can be developed that enhances the properties of 
that alloy. As clearly demonstrated by Grandon [Ref. 4], 
high strengths are obtainable from high magnesium content 
aluminum alloys but no standardized processing method was used. 

This thesis presents a standardized thermo-mechanical 
process whereby six high strength Al-Mg alloys were processed 
and further investigates the effects of additional alloying 
elements in the eight and ten weight percent magnesium Al-Mg 


aL Oy Ss’. 


AZ, 








It. BACKGROUND 


A. PREVIOUS WORK 

Ness [Ref. 1] studied an 18% magnesium aluminum alloy and 
demonstrated that a warm rolling process could produce an alloy 
with a homogenous microstructure and compressive strengths in 
excess of 655 MPa (95 KSI). However, the rolling procedure em- 
ployed was extremely slow and required small reductions per 
pass. 

Bingay [Ref. 2] and Glover [Ref. 3] concurrently followed 
Ness's work, but instead of manufacturing their own alloys, 
used a commercial source (Kaiser Aluminum and Chemical Company). 

Bingay worked with 15% and 19% magnesium Al-Mg alloys in 
an attempt to achieve microstructural refinement through iso- 
thermal and non-isothermal forging. Neither method achieved 
this desired microstructural refinement and he recommended 
Giatealloys Within the range ten to fifteen weight percent 
magnesium be further investigated. 

Glover continued work with the forged 15% to 19% magnesium 
Al-Mg alloys in an attempt to determine their tensile proper- 
ties, but the alloys cracked upon rolling. Glover then @cquired 
a Al-11%Mg alloy and successfully rolled it with resulting ten- 
Sile properties of 4-6% elongation and an ultimate tensile 


strength of 414 MPa (60 KSI). 
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Grandon [Ref. 4] studied Al-7%Mg and A1-10%Mg alloys. 

His forging-rolling process (which did not include the iso- 
thermal forging process) produced ultimate tensile strengths 
in excess of 552 MPa (80 KSI). Grandon, like Bingay, recom- 
mended further investigation of alloys with greater than ten 
weight percent magnesium. 

Speed [Ref. 5] followed Grandon's work with a twelve per- 
cent aluminum magnesium alloy. However, Speed had severe dif- 
ficulty in rolling these materials. Speed used the isothermal 
forging process at the twenty hour point of a twenty-four solid 
solution heat treatment at 440°C as the first deformation step 
in his processing. 

Chesterman [Ref. 6] performed a recrystallization and pre- 
mumtaeron study Of the seven, eight, ten, and twelve weight 
percent magnesium alloys. He found that during warm rolling, 
these materials do not recrystallize until the rolling tempera- 
ture was at or above the solvus temperature. 

This previous work was used in this thesis research to 
develop a thermo-mechanical processing sequence that would 
consistently produce the desired fine microstructures in these 
aluminum alloys. This process was then used to study the 
effects of additional alloying elements in the eight and ten 


weight percent magnesium aluminum alloys. 
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tLT so EXPERIMENTAL 


A. MATERIAL PROCESSING 
1. Melting 

Each aluminum ingot was produced by ALCOA using 99.99% 
pure aluminum base metal and was alloyed to produce the desired 
compositions using commercially pure copper and magnesium, 75% 
Mn-Al briquettes, 5% beryllium-aluminum master alloy, and 5% 
titanium-0.2% boron-aluminum rod. The ingots were produced 
by the direct chill process using a 127 mm (5 inch) diameter 
mold. Each ingot was 1016 mm (40 inches) long. Below is a 
list of the composition of each alloy. 


Se NO. Sal Fe Cu Mn Mg Tal Be 











501299A 0. Oph O05 0.00 0.00 110) 6% OF0r O00 2 
501300A OO 0.03 0.00 OPS 2 LOZ 0) a OmOOCZ 
SO1301A G20) OLS 0.41 0.00 EOeS Od 1 0.0002 
501302A O01 0205 0.43 OZ 10.4 Oa COO 2 
BooSA 0.01 O05 0.40 0.00 8.14 OPEL 0.0002 
501304A oo Ors0.S 0.41 Oe Sr2i2 v.01. 0.0002 
2. Ingot Homogenization 
The solid solution heat treatment of an alloy is per- 
formed by heating the alloy into a single phase region in which 
all other phases in the alloy are dissolved into that single 
phase. As Figure 1 indicates the eight and ten weight percent 


Mg-Al alloys are single phase "alpha" at temperatures of B10 


Ibs 





and 380°C respectively. A temperature of 440°C was selected 
to ensure complete solid solutionizing of the Al-Mg alloys. 
However, eight and ten weight percent Al-Mg alloys containing 
0.52% Mn require a minimum temperature of 490°C to dissolve 
the Mn Al, intermetallic phase. 
ee cothermal Forging 

The isothermal forging of the Al-Mg alloys was done for 
two reasons: first, to even further reduce the dendritic as 
cast microstructure through an isothermal compression of three 
to one; second, to be able to roll the material using the avail- 
able rolling mill with its limited maximum roll opening of 32 mm 
lees inches). 

4. Warm Rolling Technique 

To be able to reduce an Al1-Mg alloy from a maximum 
Nemete or. s2 mn (1.25 inches) to a minimum height of 1.75 mm 
(.07 inches) a standard rolling technique was developed. This 
technique was used throughout the processing of all the Al-Mg 
alloys with the exception of the initial A1-8%Mg alloy. 

In warm rolling, a temperature drop of Z02E joferc sca ible 
ing pass occurs when the billet is removed from the furnace 
and passed through the cold rolls of the rolling mill [Ref. 4]. 
To ensure this did not affect the shape (warping) of the billet, 
a specific rolling sequence was developed. By passing each end 


of the forged billet through the rolling mill and then by turning 
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it over and repeating the same pattern, warpage of the sheet 


was almost negligible. 


pee teNolLLE TESTING 

Tensile blanks were sheared from the rolled alloy into 
Specimen blanks measuring 127 mm (5 inches) by 19 mm (.75 
inches). These blanks were then machined into tensile speci- 
mens with a gauge length of 37 mm (1.75 inches). Tensile tests 
were performed using a Model TT-D Instron Floor Model Testing 
Machine utilizing a crosshead speed of 1.27 mm/min (.05 inch/ 


min). 


C. METALLOGRAPHY 

All sample mounting for metallographic examination was 
done using room temperature epoxy resin compounds. Any cutting 
of specimens was done by wet cutting methods. Polishing of 
the specimens required wet sanding with 240,400 and 600 grit 
paper with further polishing using 1.0 micron and 0.05 micron 
Al,0, Slurries. Final polishing was performed using the auto- 
matic polisher (vibromet) with magomet slurry. The etchant 
used was Barker's reagent. All photomicrographs were taken 


on the Zeiss optical microscope. 


Lay 





IV. RESORTS 


A. STANDARDIZED THERMO-MECHANICAL PROCESSING SCHEDULE 

The processing of the A1-8%Mg alloy was the initial invest- 
igation of this thesis. From Speed's [Ref. 5] prior work, a 
solid solution homogenizing time of twenty-four hours at 440°C 
was used. After twenty hours, the 32 by 32 by 96 mm (1.25 by 
1.25 by 3.75 inch) cast billets were isothermally forged with 
a three to one reduction in height. These forged billets were 
then placed back into the furnace completing the twenty-four 
hour solution treatment time. After twenty-four hours at 
BOC, the forged billets were o11 quenched. 

Six of the forged billets were then given a 50% reduction 
by cold rolling and six were left as-forged. These twelve 
A1l-8%Mg alloy billets were warm rolled at temperatures of 
200°C, 250°C and 300°C using two different rolling schedules, 
one with thirty minutes between rolling passes and another 
using five minutes between rolling passes. 

Further experimentation with the A1l-8%Mg alloy found that 
the solution treatment time of twenty-four hours at 440°C 
could be reduced to ten hours at 440°C with the isothermal 
fomemne Occurring at the nine hour point of the solution 
bempenrature treatment . 

Before the warm rolling began on the forged billets, each 


billet received a ten minute preheat time at the warm rolling 
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temperature. Furthermore, by placing a thermocouple on the 
forged billets it was determined that a two minute reheat time 
between rolling passes was adequate. 

Subsequent thermo-mechanical processing of the 8% and 10% 
magnesium Al-Mg alloys was done using the ten hours at 440°C 
solid solution homogenizing treatment with an isothermal forge 
at the nine hour point and a final oil quench. The forged 
billets were then given a ten minute preheat at warm rolling 
temperature and a rolling schedule of two minutes in furnace 
between rolling passes. All forged billets were rolled to a 
final thickness between 1.75 to 2.25 mm (.07 to .09 inches) 


with a final water quench. 


Pee MECHANICAL PROPERTIES 

ite s.l-Mo alloys displayed acertain range of interesting 
mechanical properties ranging from very high Agiid strengths 
of 612 MPa (88 KSI) to various changes in yield and ultimate 
tensile strengths due to alloying additions. 

Al-8%Mg was the first Al-Mg alloy mechanically tested with 
results appearing in Figure 4. The Al-8%Mg alloy was used for 
a comparison of cold work versus warm worked mechanical proper- 
ties, including the study of longer interpass times during 
vieweecorhhineg (Section IV A). Table I shows these results and, 


clearly, nothing was gained by the longer interpass times. 
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However, a higher yield and ultimate tensile strengths were 
obtained by using prior cold work, but cold rolling was ex- 
tremely difficult and therefore eliminated. 

A1-8.14¢Mg-0.42%Cu was the first alloy mechanically tested 
using the standard thermo-mechanical process (Section IV A). 

A 34 MPa (5 KSI) increase was noted in both yield and ultimate 
tensile strengths over the Al-8%Mg alloy. Table II and Figure 
show the mechanical properties of A1-8.14%Mg-0.42%Cu alloy and 
reveal a consistent trend of reduced strength and increased 
ductility as warm rolling temperature is increased. 

The addition of 0.52%Mn to this A1-8.14%Mg-0.42%Cu alloy 
results in a large increase in tensile strength. The manganese 
addition increased the ultimate and yield tensile strengths to 
596.3 MPa (86.5 KSI) and 540 MPa (78.4 KSI) respectively while 
retaining a ductility of 6.0%. This result is amazing in that 
no other Al-Mg alloy previously processed by warm rolling ever 
achieved such a good combination of strength and ductility. 
Table III and Figure 6 show the mechanical properties of the 
A1-8.22%Mg-0.42%Cu-0.52%Mn alloy. Figure 11 reveals that the 
yield strength after warm rolling at 200°C is increased 116.5 
MPa (16.9 KSI) over the A1-8.14%Mg-0.42%Cu alloy and a 153 MPa 
(22.2 KSI) increase in yield strength over the Al1-8%Mg alloy. 

The ten percent Al-Mg alloy study began with the binary 


alloy, Al-10.2%Mg. Table IV and Figure 7 present the tensile 
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properties of this alloy. The addition of two percent more 
magnesium has increased the tensile properties of the Al1-8%Mg 
alloy and matched the Al1-8.14%Mg-0.40%Cu alloy, (Figures 11, 
12, 13). Al-10.2%Mg exhibited an excellent ductility of 25% 
at the 440°C warm rolling temperature, but its yield tensile 
mepeieth aropped to 2/70 MPa (39.1 KSI). This alloy did not 
exhibit the increased ductility with increasing warm rolling 
temperature, but ductility remained constant at about 14% 
until the warm rolling temperature reached 440°C. 

The addition of 0.41%Cu increased the yield and ultimate 
tensile strengths over the A1-10.2%Mg alloy by about 41.4 MPa 
(6 KSI), Figure 11. The copper alloying addition again in- 
creased the alloy's strength with only a slight loss in 
Aer ility Figure 8 presents the mechanical property data of 
the A1-10.3%Mg-0.41%Cu alloy. The A1-10.3%Mg-0.41%Cu alloy 
continually lost both yield and ultimate strengths as warm 
rolling temperature was increased. However, the ductility 
gradually decreased with increasing warm rolling temperature 
until at 400°C it increased dramatically. 

A1-10.2%Mg-0.52%Mn alloy clearly exhibited the strengthen- 
ing effect of the manganese. At the warm rolling temperature 
of 200°C its strength was over 131 MPa (19 KSI) higher than 
premio. 2ZsMg alloy, Figure 11. However, ductility was re- 
duced from about 12% (A1-10.2%Mg) to 6%. The important fact 


is, however, that this alloy is stronger than any commercially 
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produced aluminum alloy, heat treatable or not. The effect 
of warm rolling temperature on strength and ductility is 
shown in Figure 9 and Table VI for the Al-10.2%Mg-0.52%Mn 
alloy, a continual decrease in strength was evident as warm 
rolling temperature was increased. 

The last alloy processed was the A1-10.4%Mg-0.52%Mn-0.43%Cu 
alloy. Alloys containing magnesium as the primary alloying 
agent are referred to as a 5000 series alloy; 5083-H343 which 
is the strongest 5000 series alloy has a yield strength of 262 
MPa (38 KSI), Figure 14. The A1-10.4%Mg-0.52%Mn-0.43%Cu alloy 
has a yield strength of 614 MPa (88.8 KSI) over 200% higher 
than the strongest Al-Mg alloy. Furthermore, its strength is 
exceeding the best commercially heat treatable alloy 7075-T6. 
These results indicate that a great increase in strength can 
be obtained by careful combination of alloying and thermo- 
mechanical processing. The A1l-10.4%Mg-0.52¢Mn-0.43%Cu alloy 
is by far the strongest alloy ever produced by warm rolling. 

A complete list of mechanical properties is compiled in Figure 
10 and Table 7. The major concern with this alloy is its 
Phiimiced ductility, 6%. 

A puzzling result is the fact that the Al-Mg alloys con- 
taining manganese decrease in ductility when warm rolled above 
340°C even though the strength is continually decreasing. 
These results are unique to the Al1-10%Mg-0.52%Mn alloy with 


and without the copper addition. Furthermore, physical 
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evidence on the tested tensile specimens indicated a tendency 
to break at the gauge length scribe marks, indicating possible 


notch sensitivity at these warm-rolling temperatures. 
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Ve LIS CUSS LONSOF RESULTS 


A. Al-8.14%Mg-0.4%Cu 

The as-cast microstructure in Figure 15-l-a shows precipi- 

tation both at the grain boundaries and within the grains. 
From the phase diagrams for the Al-Mg binary system [Ref. 8] 
and the Al-Cu-Mg ternary system [Ref. 9], the precipitate is 
mostly of "beta" (Mg -Al,), with the possibility of some CuMg Al; . 
After the standard solution heat-treatment (10 hrs at 440°C) 
the precipitate is almost completely dissolved. Figure 17 
Shows the effect of cooling rate from the solution treatment 
temperature. The oil quenched specimen has more precipitate, 
principally at the grain boundaries, than the water quenched 
Specimen. This "beta" precipitate has precipitated on cooling 
from the solution treatment temperature. 

Figure 18-1 shows the microstructures of the alloy after 
warm-working. At the temperatures 200°-380°C a banded micro- 
Structure can be seen, with different amounts of precipitate 
in each band. This is caused by segregation at the ingot stage 
into the magnesium-rich and magnesium-lean areas. The precipi- 
tate volume fraction will be higher in the magnesium-rich 
areas than elsewhere. 

The precipitate is fine at low temperatures of warm roll- 
ing, and coarsens as the temperature rises. This is to be ex- 


pected, as low precipitation temperatures should favor nucleation 
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of new precipitate particles, while higher precipitation tem- 
peratures favor growth of existing precipitate particles. 

Since the fine precipitates will tend to be close together, 
the flow stress of the Bee ck nei rolled at low temperatures 
should be greater than those rolled at high temperatures, 
Since the flow stress will be proportional to 1/d;, (where d = 
Miter-particle spacing) . 

The specimen rolled at 420°C showed a recrystallized grain 
structure, and had less strength and a greater ductility that 
the specimens rolled at lower temperatures. This series of 
micrographs confirmed Chesterman's observation [Ref. 6] that 
recrystallization was prevented from occurring by the presence 
of closely spaced precipitate particles. When the solvus tem- 


perature was exceeded, the specimen recrystallized on rolling. 


B. Al-8.22%Mg-0.52%Mn-0.41%3Cu 

The as-cast structure of this alloy Figure 15-1-b was simi- 
lar to that of the previous alloy (Figure 15-l-a). In this 
ease, solution treatment at 440°C dissolved some of the preci- 
paedce Dut the rest failed to dissolve. It was necessary to 
go to 490°C to completely solution treat the alloy. By examin- 
ing the Al-Mn binary diagram [Ref. 10] and the Al-Mg-Mn ternary 
aaaoram pref. 11], it can be seen that the "beta" (Mg-Alg) 
dissolves at 440°C, while another intermetallic MnAl ¢ 1s pre- 


cent up to NOW G.. 
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Figures 20-1 and 20-2 show the microstructures of the warm 
m@iered Speeimens. As for the previous alloy, the "beta" pre- 
Sipitate particles are fine for the lower rolling temperatures 
and coarsen as the temperature rises. At 420°C, the jpn ale) 
tate volume fraction is reduced, and the widely spaced fine 
particles have failed to prevent recrystallization of the alloy. 

Sire=size and volume fraction of precipitate can be seen 
mememcllicarly in Figures 21-1 and 21-2, at the higher magnifi- 
cation. The highest strength obtained was at 200°C where the 
Meeecapitates were finest, being hardly resolvable in the light 


microscope. 


eee ni -10.23Me 

The as-cast structure was similar to previous alloys. The 
warm rolled alloys showed a higher amount of "beta" (Mg -Alg) 
precipitation that the 8%Mg alloys, as would be expected from 
the increased magnesium content. Again, as the temperature 
weerelting mcreased, the coarseness of the “beta” precipitates 
increased, until, at 440°C, the alloy recrystallized (Figure 
22-2-f£). The precipitate appearing at the grain boundaries 
and within the grain at AGC probably formed during the oil 


quench from the rolling temperature. 


D. Al1-10.3%3Mg-0.41%Cu 
Compared with the Al-10.2%Mg alloy, the addition of 0.41%Cu 


increased the volume fraction of precipitate. By analogy with 
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the Al-8.14%Mg-0.4%Cu alloy most of the precipitate will be 
Pecta'' (Mg-Alg) with a greater possibility of some CuMg,Al,. 
inis alloy had a reduced volume fraction of precipitate at 
440°C, but the volume fraction was higher than that of the 
Al-8.14%Mg-0.4%Cu and the Al-10.2%Mg. These latter two alloys 
recrystallized, while the Al-10.3%3Mg-0.41%Cu did not. 

The effect of the copper seems to be to increase the 
volume fraction of precipitate and also to slow down the dis- 
solution of the precipitate at the solution treatment tempera- 


igilibetae 


peer - 10 .23Me-0.52%3Mn 

It was necessary to modify the solution treatment for this 
alloy, as was done for the A1-8.22%Mg-0.52%Mn-0.41%Cu, so as 
to dissolve the MnAl ¢ particles at 490°C. 

Figures 24-1 and 24-2 show the microstructure at 100X, 
while Figures 25-1 and 25-2 are taken at 1000X. Compared with 
previous alloys, there is little visible within-grain precipi- 
Eaelonne line white precipitate visible at a warm rolling tem- 
Dematare of 700 ¢ probably comes from the rolling out of "beta" 
formed during 011 quenching of the billet from 490°C. Between 
250°C and HOO Cys the precipitates get steadily coarser, as in 
all the other alloys of the series. At PANG the volume frac- 
Pionmat precipitate 1s very much reduced. The fine precipitate 
particles, probably MnAl,, have been so widely spaced that par- 


tial recrystallization was noticed. 
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While the alloy was being rolled at 440°C, it was noticed 
that a black liquid was oozing out of the forged billet during 
rolling. This indicated that there could be incipient melting 
occurring during working. Mondolfo [Ref. 11] reports a possible 


ternary eutectic: liq —» Al + Mg Al, (beta) + (MgMn) Al, at 


0 
437°C and 33%Mg, 0.5%Mn with balance of Al. With the high mag- 
nesium content (10%) and manganese present, it may be possible 
to have the liquid enriched sufficiently during the initial 
chill cast to solidify at the grain boundaries as the ternary 
eutectic. For alloys rolled at low temperatures, the eutectic 
may well remain in the interdendritic areas that it occupied 
on solidification, while for alloys rolled at higher tempera- 
tures it could be rolled out (or flow out at a temperature of 


440°C) and form a thin layer over much of the grain boundary 


mmedayot the alloy. 


F, Al-10.4%Mg-0.52%Mn-0.43%3Cu 

This quaternary alloy was heat treated at 490°C to solution 
any MnaAl present. The microstructure follows the same pattern 
asethe Other alloys in the series, with fine precipitation at 
low temperatures and coarser precipitation at high temperatures. 
Compared with the Al-10.2%Mg-0.43%3Cu alloy, the volume fraction 
Mieepuecciprate was greater, especially at higher temperature. 


The higher volume fraction, and more closely spaced precipitate 
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prevented any recrystallization of the alloy at Ame. This 
effect of the copper was the same as that between the A1-10.2%Mg 
andent-10.3%Me-0.41¢3Cu alloys noted previously. 

Again, as in the A1-10.2%Mg-0.52%Mn, oozing of black liquid 
occurred during rolling at Male, raising the same suspicions 


about a ternary eutectic. 
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VI. EFFECTS OF MICROSTRUCTURE ON MECHANICAL PROPERTIES 


A. EFFECTS OF WARM ROLLING TEMPERATURE 

Chesterman [Ref. 6] found through a precipitation study 
of these alloys that hardness increased as time at temperature 
increased. This is precipitation hardening as explained in 
Ref. 12. The alloy increased in hardness until a specified 
time at temperature at which it overaged. The overaging occurs 
because the fine particulate intermetallic 'beta'' phase grows 
to such a size that it has increased the inter-particle spacing. 
However, only slight increases in hardness were documentated in 
comparison to the hardness increases gained by warm rolling. 

Warm rolling of the alloys at low temperatures will in- 
- Crease the dislocation density of the alloy. This additional 
pinning of the microstructure by the precipitate particles 
may have formed dislocation cells and inhibited recrystalliza- 
tion of the grains. But, when warm rolling temperatures in- 
creased to a point where recrystallization could occur (above 
the solvus), recrystallization reduced the dislocation density 
and hence a large decrease was noted in both yield and ultimate 
tensile strengths. 

By virtue of the physical mechanism of warm rolling both 
precipitation hardening and increased dislocation density occur. 
Therefore a large increase in hardening of the alloy is noted 


along with increased tensile strengths. 
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B. EFFECTS OF ALLOYING ADDITIONS 

Magnesium was the primary alloying addition within this 
study. As shown in comparison between the 8% and 10% magnesium 
alloys an increase in strength accompanies an increase in mag- 
nesium content. The volume fraction of the "beta" precipitate 
(Mg, Alg) accordingly increased with increasing magnesium 
Eentent, From “C — where “G= shear stress for plastic 
deformation, G = shear modulus, b = Burgers' vector and d «= 
inter-particle spacing it can be seen that an increased volume 
fraction of precipitate produces a higher shear stress due to 
the decreased inter-particle distance assuming the same par- 
ticle size. Again this was confirmed by the increased strengths 
of the Al1-10%Mg alloys. 

Adding copper to the alloys increased the strength over 
momdigie Al-Me 8alloys; since the presence of copper increased 
the volume fraction of "beta." Copper additionally acted as 
an inhibitor towards dissolution of the "beta" phase as ex- 
perienced in the Al1-10.3%Mg-0.41%¢Cu alloy at 440°C. With 
piesmadditronal inhibiting of the "beta" phase, the volume 
fraction of precipitate was increased at high warm rolling 
temperatures which led to higher strengths. 

Manganese additions greatly increased the volume fraction 
of precipitates by the formation of two precipitates, MnAl, 
and Mg-Alg. These two precipitates increased the volume frac- 


tion of the precipitates which again led to very high increases 


in strengths. 3] 





fee LOW DUCTILITY OCCURRENCES 
Very low ductilities occurred within the Al1-10%Mg alloys 

when additionally alloyed with manganese above 300°C. Possible 

answers to this low ductility problem are as follows: 
1. Formation of the ternary eutectic would cause the 
materials to be brittle due to the incipient melting of 
this phase during the solution treatment. The ternary would 
then flow throughout the microstructure and form a thin 
layer across the microstructure and embrittle it, if rolled 
at a high temperature. The probability of this phase occur- 
ring was substantiated even more as the A1-8%¢Mg alloy with 
manganese had good ductility, but, when used with A1-10%Mg 
alloys ductility is almost nil. One method to check this 
meaewould be tO use Auger Spectroscopy to determine the 
grain boundary composition. 
Mmmiicmpresence Of Coarse MnAl, could possibly cause the 
low ductility but, how such small amounts of coarse MnAl, 
could cause brittleness when large amounts of coarse "beta" 
Geienorein the Al-10.3¢Me-0-417Cu is difficult to explain. 
3. Finally if the presence of "beta" precipitate allied 
with MnAl, or the ternary eutectic at the grain boundaries 
caused brittleness, then subsequent experimental testing 
should eliminate the oil quench. Using a water quench 
should eliminate the grain boundary precipitation of "beta" 


due to slow cooling rates from solution treatment temperatures. 
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VII. CONCLUSIONS 


The purpose of this thesis was to develop a thermo-mechan- 
ical processing procedure and then use it to process a series 
of Al-Mg alloys. Both these goals have been accomplished, but 
additional questions have been raised about the Al-Mg alloy 
system. 

Yield strengths in excess of 200% stronger than the strong- 
est 5000 series commercial alloy were obtained using a warm 
rolling procedure only. But before warm rolling could be 
utilized, investigation into the proper solution heat treatment 
was carried out with isothermal forging occurring as part of 
MaemproGcess. Atter these steps were thoroughly investigated, 

a complete metallurgical investigation into the microstructure 
ndesedone f0 ensure that no “beta"™ intermetallic was present 
Penene the warm rolling sequence commenced. Purther experiment- 
ation was done on the rolling procedure and a standard reduction 
per pass was dependent upon the hardness of the alloy. Addi- 
tionally, a two minute reheat interpass time was found to be 
Mimieiedent between passes on the rolling miil. 

Gentrolled precipitation of the fine “beta'’ intermetallic 
was found to be the single most important factor when warm 
rolling these alloys to obtain their best strength and ductility. 
The most suitable rolling temperatures for these properties 


have been found to be between 200°C and B40 7€. 
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Recrystallization of the Al-Mg alloys was possible but only 
at temperatures above the solvus. This led to increased grain 


growth and high losses in both ultimate and yield strengths. 
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VIII. RECOMMENDATIONS 


It is highly recommended that this research be continued 
because of the impressive results these alloys display in both 
ultimate and yield strengths over commercially available alloys 
of today. 

Further recommendations are as follows: 

1. <A study of the fatigue characteristics of these alloys 

1s essential to ensure that their properties are as good 

as the other 5000 series alloys. 

felourtner Experimentation into the corrosion properties 

Hemenese alloys tO ensure the high magnesium content or 

the additional alloying elements are not causing detri- 

emeal er reces . 

3. If manganese is to continue to serve as analloying 

agent, a complete investigation into the possible forma- 

tion of the ternary eutectic must be made. This would be 
possible using Auger Spectroscopy. 

iwc study of the effects of quenching rates must be un- 

demuakem  fO,ensune that no intermetallic 1s forming at the 

grain boundaries due to the slowness of an oil quench. 

This may be eliminated by using a water quench from solu- 

tion treatment temperatures instead of the standard oil 


quench. 
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5. A study of the kinetics of precipitation, both 
when being warm rolled and in the absence of rolling 
Should be performed. This needs to be done using a 
Standardized thermo-mechanical treatment, and the sub- 
structure (precipitate-dislocation) examined by trans- 


mission electron microscopy. 
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TREBLE SS 


Table of Thermo-mechanical Processes 
Mechanical Testing Results 
Al-8%3Mg Alloy 


Table Key 
OQ: Oil Quench 
WQ: Water Quench 
WW: Warm Rolled 
CW: Cold Rolled 
ST: Solution Treated 
XXX/ XX: Temperature °C/Hours 
RX/XX/ XXX: Number of Passes/Thousandths of an inch per pass/ 


Temperature °C 


Ultimate OPZcvOLfiset 
Tensile Yield 
Sample Strength Strength Elonga- Hardness 

Process Number MPa KSI MPa KSI tion, Rp 
ST 440/24 0Q 5001-1 SOU 7225 AS5me05.1 6225 
CW 11/40/20 5001-2 MOT SI 2a1 438 63.5 6.28 We A) 
CW 6/20/20 
WW 8/40/200 
WW 1/30/200 
WQ 
ST 440/24 0Q 5002-1 447 64.8 359 5230 9256 
CW 8/40/20 5002-2 458 66.4 5655552 .9 756 80.5 
CW 6/20/20 
WW 7/40/250 
WW 1/25/250 
WQ 
ST 440/24 0Q 5003-1 439 63.7 SOUP S52 2 Bs Sie! 
CW 10/40/20 5003-2 440 63.8 S45. 50s] 10.42 (At 


CW 6/20/20 
WW 10/40/300 
WW 1/20/300 


WQ 


ay | 











Process 


B24 S3324 62323994 S222224 522323224 


= 
4 


2224 


= 
#4 


ST 
WW 
WW 
WW 


WQ 


440/24 0Q 
8/40/20 
6/20/20 
4/80/200 
2/40/200 
3/10/200 


440/24 0Q 
10/40/20 
6/20/20 
4/60/250 
4/40/250 
1/23/250 


440/24 09 
8/40/20 
6/20/20 
4/60/300 
4/40/300 
1/35/300 


440/24 0Q 
12/60/200 
1/40/200 
1/30/200 


440/24 0Q 
21/ 40/250 
1/20/250 


440/24 0Q 
9/60/300 
7/40/300 
1/20/300 


440/24 0Q 
2/80/200 
9/60/200 
2/40/200 


Sample 
Number 


9004-1 
5004-2 


5005-1 
5005-2 


5006-1 
5006-2 


5007-1 
5007-1 


9008-1 
9008-2 


SHO Ulela 
9009-2 


5010-1 
ao bO-Z 


Ultimate 
Tensile 
Strength 
KSI 


MPa 


493 
493 


448 
438 


419 
Bele. 


445 
461 


430 
433 


424 
403 


443 
438 


a1. 
(Ae 


Oi. 
GS; 


60. 
Sl 


64. 
66. 


GZ. 
OZ 


61. 
Sc, 


64. 
63. 


= 
5 


os) 


oO wm 


u1 tn 
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O224 0ffset 


Yield 


Strength 
KSI 


MPa 


438 
436 


388 
364 


S55 
Say 


384 
ou 


364 
564 


347 
528 


378 
S/T 


63 


56. 
SZ, 


48. 
46. 


S30: 
Sele 


52a 
a2 


50. 
47. 


54. 
54. 


6 
91965 


COW 


~~) 


Elonga- Hardness 


tion, 


Soke) 
20 


Or 6 


. 34 
~ 34 


Co 6 


S205 


B 


18.13 


80.0 


TES 





Ultimate 0.2% Offset 


Tensile Yield 

Sample Strength Strength Elonga- Hardness 
Process Number MPa_ KSI MPa_ KSI tion, % Rp 
ST 440/24 0Q 5011-1 430 62.3 384 55.7 4.17 
WW 5/80/250 5011-2 440 64.4 St: AY: ee 8.35 
WW 5/60/250 
WW 4/40/250 
WNW 1/23/250 
W 
ST 440/24 0Q 5012-1 550" 50-8 265 38.4 O75 
WW 7/80/3000 5012-2 593° “S720 319 46.3 10.42 
WW 4/60/300 
WN 2/40/300 
WW 1/25/300 
WQ 
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TABLE II 


Table of Thermo-mechanical Processes 
Mechanical Testing Results 
A1-8.14%¢Mg-04%Cu Alloy 


Table Key 

OQ: O11 Quench 

WQ: Water Quench 

WW: Warm Rolled 

on Solution Treated 

XXX/ XX: Temperature °C/Hours 
XX/XX/ XXX: Number of Passes/Thousandths of an inch per pass/ 
Temperature °C 
Ultimate 0.2% Offset 
Tens te are ia 
Sample Strength Seuen? eH Elonga- Hardness 

Process Number MPa_ KSI MPa _ KSI tron. s Rp 
ST 440/10 OQ 0301-1 490 71.1 A190). 7 hao 7 
WW 20/40/200 0301-2 487 70.6 430 62.4 8.70 195 
WW 1/30/200 0301-3 tO ue 7 lees 424 61.5 sh ee 
WW 1/25/200 
WQ 
ST 440/10 0Q 0302-1 451 65.4 Soon 10.40 
WW 16/40/250 0302-2 459 66.6 Soe 5 St 10.40 a0 
WW 17/20/250 0302-3 454 65.9 S00 SZ 72 10.00 
WW 1/30/250 
WQ 
ST 440/10 0Q 0303-1 467 67.8 SO a2... 5 10.40 
WW 18/40/300 0303-2 AQ] 72 S88 100% 5 10.40 i. 0 
WW 15/20/300 0303-3 473 68.6 So Cao 27 10.00 
WW 1/15/3000 
WQ 
ST 440/10 OQ 0304-1 430 62.3 B29) a7 7, oso 5 
WW 14/40/340 0304-2 432 62.6 348 50.5 ooo 70.3 
WW 15/20/340 0304-3 433 62.8 344 49,9 15..55 
WW 1/30/340 
WQ 
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Ultimate Oe2%7Orrset 


Tensile Yield 

Sample Strength Strength Elonga- Hardness 
Process Number MPa _ KSI MPa KSI tion, % Rp 
ST 440/10 0Q 0305-1 425 61.6 SYS 45.04 L770 
WW 16/40/380 0305-2 421 61.0 321 46.6 14.58 65.0 
WW 11/20/380 0305-3 413 59.9 289 41.9 14.58 
WW 1/30/380 
WQ 
ST 440/10 OQ 0306-1 379 54.9 251 36.4 21.88 
WW 16/40/420 0306-2 374 $4.2 245: 935.9 21.88 60.0 
WW 16/20/420 0306-3 375 54.4 244 35.4 20.835 
WW 1/15/420 
WQ 
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TABLE III 


Table of Thermo-mechanical Processes 
Mechanical :-Testing Results 
Al -8.22%Mg-052%¢Mn-0.413Cu Alloy 


Table Key 

0Q: Oil Quench 

WQ: Water Quench 

WW: Warm Rolled 

oid Solution Treated 

XXX/ XX: Temperature °C/Hours 
XX/XX/ XXX: Number of passes/Thousandths of an inch per pass/ 
Temperature ~C 
Ultimate 0.2% Offset 
Tensile Yield 
Sample Strength Strength Elonga- Hardness 

Process Number MPa KSI MPa KSI oLOd ,. 10 Rp 
ST 440/10 0Q 0401-1 S95 86.3 547 79.4 SoS 
ST 490/3 OQ 0401-2 596 86.5 555507726 61525 86.0 
WW 23/40/200 0401-3 578. /SOne sok flea It 62.25 
WW 5/20/200 
WW 1/25/200 
WQ 
ST 440/10 OQ 0402-1 Se Es) B74 456 66.1 6.9 
ST 490/3 OQ 0402-2 $45 79.1 462 67.0 S05 S20 
WW 16/40/250 0402-3 S47 79es 472, 26824 8.33 
WW 17/20/250 
WW 1/30/250 
WQ 
ST 440/10 0Q 0403-1 sr0 67420 417 60.5 S255 
Ss? 490/73 0Q 0403-2 530 76.8 428 62.1 S255 Loe7 
WW 18/40/300 0403-3 S25 0 Seo 423,061.35 Bo 
WW 15/20/300 
WW 1/15/300 
WQ 
ST 440/10 0Q 0404-1 SAIS eal} oie 445 64.5 Seo5 
ST 490/3 OQ 0404-2 S27 plored 441 64.0 S455 13.9 
WW 16/40/340 0404-3 S19: 77 Se 467 67.7 LoS 
WW 15/20/340 
WW 1/30/340 
WQ 
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Ultimate Oz TeOLiset 


Tensile Yield 

Sample Strength Strength Elonga- Hardness 
Process Number MPa KSI MPa KSI tion, % Rp 
ST 440/10 0Q 0405-1 467 67.7 550 07 11.46 
ST 490/3 OQ 0405-2 461 66.8 359 52.1 11.46 75.0 
WW 21/40/380 0405-3 473 68.6 374 54.3 11.48 
WW 11/20/380 
WW 1/30/380 
WQ 
ST 440/10 OQ 0406-1 424 61.5 Z65 9358.2 18.75 
ST 490/3 0406-2 425 61.6 278 40.3 PSe6's 65.5 
WW 16/40/420 0406-3 426 61.8 299 43.3 i ares | 
WW 16/20/420 
WW 1/15/420 
WQ 
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TABLE IV 


Table of Thermo-mechanical Processes 
Mechanical Testing Results 
A1l-10.2%Mg Alloy 


Table Key 
OQ: Oil Quench 
WQ: Water Quench 
WW: Warm Rolled 
ST: Solution Treated 
© 00.8 & Temperature °C/Hours 
XX/XX/ XXX: Number of passes/Thousandths of an inch per pass/ 


Temperature ~C 


Ultimate 0225, 0ffset 
Tensile Welker a 
Sample SeGceng rn St rencen Elonga- Hardness 

Process Number ME ako MPa KSI tion, % Rp 
ST 440/10 0Q 9901-1 490 71.1 427 62.0 1OS07 
WW 23/40/200 9901-2 493 71.5 419 60.8 11.64 iO 
WW 5/20/200 9901-3 49 be 7 t58 420 60.9 T2350 
WW 1/25/200 
WQ 
ST 440/10 0Q 9902-1 4355: B05. 7 5508 47°29 Vesey 
WW 16/40/250 9902-2 447 64.9 354 51.3 16207 74.5 
WW 17/20/250 9902-3 450 Gs Z 343 49.7 Wage 
WW 1/30/250 
WQ 
ST 440/10 0Q 9903-1 471 68.3 S75) 54.0 1 ees 
WW 18/40/3000 9903-2 A A oe SS) els) af 9.4 7.0 
WW 15/20/300 9903-3 AZ OG eS Sie) a Uw ORS Z 
Wee 1/15/3500 
WQ 
ST 440/10 0Q 9904-1 447 64.9 336 48.7 13.54 
WW 22/40/340 9904-2 4535.-565.7 So E879 Wess (ey! Ules 
WW 3/20/3400 9904-3 453 65.7 550) 4858 Hono? 
WW 1/35/340 
WQ 
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Ultimate 0.2% Offset 


Tensile Yield 
Sample Strength Strength Elonga- Hardness 
Process Number MPa KSI MPa_ KSI tion, % Rp 


ST 440/40 0Q 9905-1 451 65.4 Boo. 45-5 11.45 

WW 20/40/4000 9905-2 447 64.8 330 47.9 11.45 72.0 
WW 7/20/400 9905-3 460 66.7 285 41.4 Ware 

WW 1/32/400 


0Q 
ST 440/10 0Q 9906-1 414 60.0 257 D7 35 Zoe 
WW 20/40/440 9906-2 414 60.0 ZOl S76 ZU 64.0 


WW 7/20/440 9906-3 419 60.7 2927 427.5 24.0 
WW 1/25/440 


WQ 








TABLE V 


Table of Thermo-mechanical Processes 
Mechanical Testing Results 
Al1-10.3%Mg-0.41%Cu Alloy 


Table Key 

OQ: Oil Quench 

WQ: Water Quench 

WW: Warm Rolled 

oa: SoOluUcIOnN reacted 

XXX/ XX: Temperature °C/Hours 
XX/XX/ XXX: Number of passes/Thousandths of an inch per pass/ 
Tenpe, abUnems 6 
Ultimate 0.2% Offset 
Tensile Yield 
Sample SeEGengun Strength Elonga- Hardness 

Process Number MPa _ KSI MPa KSI tion, % Rp 
ST 440/10 OQ 0101-1 S58 2a 465 67.4 OG 
WW 20/40/200 0101-2 541 78.4 464 67.3 10.42 ei 0 
Wie 1/25/200 0101-3 Sol on) 70 465 67.4 10.42 ; 
WW 3 1/30/200 
WQ 
ST 440/10 OQ 0102-1 So ton G32 auOc. O42 
WW 16/40/250 0102-2 SO SS 434 62.9 10.42 81.0 
WW 17/20/2550 0102-3 Sole 434 62.9 10.42 
WW 1/30/250 
WQ 
ST 440/10 0Q 0103-1 488 70.8 10S) eS 6 G55 
WW 18/40/300 0103-2 S127 FARZ 411 $9.6 Bo) 70 
WW 15/20/300 0103-3 $13 74.4 423 61.4 S425 
Woe 1/7 15/3500 
WQ 
ST 440/10 0Q 0104-1 A OOo Sh © 47 O20 
WW 25/40/340 0104-2 478 H9e4 S794 6229 i720 
WN 3/20/340 0104-3 482 69.9 SO oor Oeco 
WW 1/35/340 
HQ 
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Process 


ST 440/10 0Q 
WW 20/40/400 
WW 7/20/400 
WW 1/32/400 


WQ 


ST 440/10 0Q 
WW 20/40/440 
WW 7/20/440 
WW 1/25/440 
WQ 


Sample 
Number 


0105-1 
0105-2 
0105-3 


0106-1 
0106-2 
0106-3 


Ultimate 
Tensile 
Strength 


MPa 


460 
466 
472 


444 
445 
432 


KSI 


66. 
67; 
68. 


Pa an~i 


64. 
64. 
GZ. 


“J UT & 
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0.2% Offset 


Yield 

Strength Elonga- Hardness 
MPa KSI tion, % Rp 

321 46.6 es ay 

347 50.3 10.42 7350 
551 5029 9.40 

22S rit 

292 42.4 ab grey All 67.0 
BO) 6505.7 25.49 





Table Key 
OQ: Oi1 Quench 
WQ: Water Quench 
WW: Warm Rolled 
Si Solution Treated 
XXX/ XX: Temperature °C/Hours 
BEX / KX XXX: 
Temperature 
Ultimate 
Tensile 
Sample Stree en 
Process Number MPa KSI 
ST 440/10 0Q 0001-1 634 92. 
ST 490/3 OQ 0001-2 630 91. 
WW 19/40/200 0001-3 621 90. 
WW 4/20/200 
WW 1/15/200 
WQ 
ST 440/10 0Q 0002-1 GUS oe 
ST 490/3 OQ 0002-2 608 88. 
WW 19/40/250 0002-3 GUS as 
WW 10/20/250 
WW 1/30/250 
WQ 
ST 440/10 0Q 0003-1 589 eGo 
ST 490/3 OQ 0003-2 S579 84. 
WW 21/40/300 0003-3 5 48S. 
WW 3/20/300 
WQ 
ST 440/10 0Q 0004-1 5 eee oi 
ST 490/3 OQ 0004-2 SO.) G2. 
WW 18/40/340 0004-3 554 80: 
WW 3/20/340 
WW 1/30/340 
WQ 


TABLE VI 


Table of Thermo-mechanical Processes 


Mechanical Testing Results 
A1-10.2%Mg-0.52%Mn Alloy 


Number of passes/Thousandths of an inch per pass/ 
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Ao = win wn MH PO 


> Wo 


VeComOri set 

Yield 

Strength Elonga- Hardness 
MPa KSI tion, % Rp 
23050, 0 6225 

Si ee (ee Sci) 
SES ey. e Srez 

AR Oe D2 

a2 Mi oao 8.5 gS) 
466 67.6 6.4 

481 69.8 Tr 25 

470-6852 Hie O10 
458 66.4 ire 

442 64.1 85 

468 67.9 6.5 UES) 
459505. 7 le 








Ultimate 0.2% Offset 


Tensile Yield 

Sample Strength Strength Elonga- Hardness 
Process Number MPa _ KSI MPa KSI tion, % Rp 
ST 440/10 0Q 0005-1 VBS) 1 Ole 403 58.4 al 
ST 490/3 OQ 0005-2 $47 79.4 450 65.2 Zl BS 
WW 16/40/400 0005-3 S260. 76.5 446 64.7 rae 
WW 4/20/400 
WW 1/30/400 
WW 1/10/400 
WQ 
ST 440/10 0Q 0006-1 S20 2275.4 427 62.0 42 
ST 490/3 OQ 0006-2 520.0) Sa 436 63.2 4.2 85.0 
WW 22/40/440 0006-3 orc 74a 390 56.6 Oe 
WW 2/20/440 
WW 1/16/440 
WQ 
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TABLE Vit 


Table of Thermo-mechanical Processes 
Mechanical Testing Results 
A1-10.4%Mg-052%Mn-0.43%$Cu Alloy 


Table Key 

OQ: O11 Quench 

EON Water Quench 

WW: Warm Rolled 

oT: Soluctonelreated 

XXX/XX: Temperature °C/Hours 
WX) XX/ XXX: Number of pag acs/ Tuousenecn OLlaneinehy per pass, 
hemnperatunre 
Ultimate 0.2% Offset 
Tensile Neve ld 
Sample Strenech Strength Elonga- Hardness 

Process Number MPa KSI MPa KSI tion, % Rp 
ST 440/10 0Q 0201-1 687 99.6 614 89.1 4.2 
ST 490/3 OQ 0201-2 674 97.8 OO Sica qe 9 Gr000 
WW 39/20/200 0201-3 685 99.3 Oizo si. 4.2 
WW 20/10/200 
WQ 
ST 440/10 OQ 0202-1 6505095 22 Shy Siam on) (Ee 
ST 490/3 OQ 0202-2 643 93.3 Soi 0 52 9025 
WW 40/20/250 0202-3 643° 93.35 S65 84.0 2 
WW 1/30/250 
WQ 
ST 440/10 OQ 0203-1 OZ 1 SOR ays aa (otras eee 
Sr490/5 OQ 0203-2 601 87.0 492 71.3 Saiz 88.0 
WW 41/20/300 0203-3 603 87.4 498 72.2 6.3 
WW 1/30/300 
WQ 
Siea07 10 OQ 0204-1 549 79.6 483 70.1 Ze) 
ST 490/3 OQ 0204-2 SIN a 8, 476 69.1 Sol $57.5 
WW 49/20/340 0204-3 S555 f7.7.50 478 69.4 rae 


WN 1/30/340 
WQ 
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Ultimate 0.2% Offset 


Tensile Yield 

Sample Strength Strength Elonga- Hardness 
Process Number MPa_ KSI MPa_ KSI tion, % Re 
ST 440/10 0Q 0205-1 S450 7 94k 467 67.8 rareit 
ST 490/3 OQ 0205-2 539 78.2 470 68.1 Zk 81.0 
WW 45/20/400 0205-3 552. 79.9 461 66.9 Zo 
WW 1/30/400 
WQ 
ST 440/10 0Q 0206-1 481 69.8 447 64.9 L=0 
ST 490/3 OQ 0206-2 $16 74.9 445 64.6 ZL 78.0 
WW 39/20/440 0206-3 514 74.6 410 59.4 Zea 
WW 1/30/440 
WQ 


on 





positions are indicated with dashed lines, 
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| | | 
360 a | | 
31g Eo a oe was ae oe oe i ee Se aces Sen 
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320 | : | | a+B 
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| | 
280 | | | 
5ef Sa’. 
i ital 
240 | | ) | 
220 Ss ae. 
0 2 \ 6 8 10 ie 16 ¥ 35 40 
% MAGNESIUM 
Fig. 1 A partial Aluminum-Magnesium phase diagram. Com- 
tem- 


peratures are indicated by dot-dashed lines. 
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Photograph of Forging Assembly 
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Photograph Of furnace and rolling mill 
used in the processing of these alloys. 


94 





NOILYSNO19Q LNADY3d 


"ainjzerodus} Sut[ [TOL wiem snsiaoda 


‘uoTJeSsUOTS “syzsus13S aTtsuay pTotA pue oyewt IN Fo ydeas AoTTe ONS8-1V 


CO) JdaNLbdsdWal DNIWV10d WayM 


at 


a2 


GE 


QS 


OS 
OB 


NOILVONOTH # 
HDONAYLS GTHIA x 
HLOINAYLS ALVWILTA + 


2 s x 
S SY SY Y 
- 
as fons 

+ 

> 
ie 
vt 
+} 

BW%B-LH 


yp °3TY 


OSI 


BE 


Bb 


BS 


O39 


B2 


88 


Q& 


BB1 


Cran SHIONadtS GislA GONE SLENT LIN 


9§ 





— 


"oinzeLadway SUIT [OL wiem snsioa “uot esuOTS 
‘Syasuetys plorTd oT tsuez pue ozeuriqin zo ydesr3 Aopte ngg0H°0-BWSPT'8-TyY << 


NOILYSNO19 LNSOY3d 








‘ST 
CO) S3aNnL¥yasdW3al SONIW108N WAYM 
D L Ww W - . i) A) a 
un ) on 8 on sy on 
Q 8 ri) g 8 a) } 
BE 
ar F . Bb 
3 
% 
@d ! BS 
BE 89 
Oy B2 
as B88 
866 
NOILVONOTS - ¥ 
HLONAULS GTHAIA x 
HLONSULS ALVWILIN + Bot 


NO%b*-BWY%bT*B-—LH 


“LTA 


0° . 


CISH) HLONSALS GAISIA ANY 





NOILYSNO19 LN3De3d 


at 


ac 


BE 


8S 


‘oinjetodua} SULT TOL wiem snsioaa ‘uotyesuote ‘syySueris 
STtsusey prTetA pue ojyewryyrn Fo yders AoT {Te NO¢Sv° O-UNS7S °0-3N$7Z°8-IV 


C2) SdNLbasdWaAL SNIWV108 WauM 


A AN GS) G) hw 
GU} Q Gi YQ Nn 
& QM & & a 

x £ 

ad 

H% 


x 


B0¢ 





NOILVONOTH # 
HLONHYLS ATAIXA x 
HLOINHYLS ALVWILTA + 


NOXT b°-UN% 2S °-OWK%e?° B-1H 


9 ‘3Ty 


OST 


BE 


Bp 


BS 


G3 


B2 


88 


86 


BGI 


7L7im 


Gon) hloNseats UssekxA GNe 


27 





“oInjJerLadwaz, SUIT [TOI waiem snsaaa 


‘UOTJeSUOTS ‘syz8UudaIZS aTIsua} pTats pue o}euTITN Jo ydexrs AoT{Te BWS7Z°OT-Iv Z ‘3Iq 


CO) SdNLebdsadWal SNIWV108 WayM 


NOILYSNO19 LNADY3d 





D rN G) Ww Sd Me mn 
on S wa N a 
a < AS) Q Q S “oe 
* 
ar ; a 
a a . 4 BS 
x 
xX 
BE 7 
B2 
Ory 
B88 
QS 
BE 
NOILVONOTS # 
HLONAYLS GATHIA » 
HLONAYLIS FALVWILIN + BGI 


BW%?"BI-1Y 


© Ln 


Gis!) HLIONsatS GisiA GNe 


28 





‘ainjetoduay SUT[T [OL Wiem snsi9a ‘uot e3uoTa 
“sy}SuaI1S a9TTsuay preatd pue oiewtiqtn Fo ydes3 AOTLT® NOSTp*O-8N3S°OLT-IV 8 °3tg 


C3) JdNlebasdWal ONIWV108 WayM 


NOILYSNO19 LNSadDY3d 


at 


a2 


BE 


8S 





D a Gd G) Nw ru m= 
ol gS) on S ol S U1 
AS) 8S © S & ® & 
BE 
+ 
} OP 
x 
+ 
¥ 8S 
+ 
B9 
Od 
88 
86 
NOILVONOTHA # 
HLONEULS AISIA x 
HLONAULS ALVWILIN + 
Bot 


NOX Le *-SBWE*BI-ILY 


© LTA 


Glory HLEINSAES GaatA aNe 


29 





NOILYSNON9 LN3DY3d 


Ot 


a2 


BE 


8S 


‘oinzeroduay Sur[ [OI wiem snsiaa ‘uotiesuoTa 
“syzdU9IZS aTTsus} pTatA pue ozewtiy[N Fo yders AoTTe uWszs’ o-SWSZ°OIT-TV 6 


CQ) JSANLBAYSdWAL SNIWV1I0O8 WAM 





NOILVONOTH #¥ 
HLONAULS GTHIA x 
HLONAYLS ALVWILIN + 


UWN%2SG*°-BWK2°BI-1Y 


OST 


BE 


Bb 


8S 


BS 


Bd 


88 


86 


BGI 


“BT 


ail 


Gtsen? BLONSdis CaalA GNe 


60 





NOILYSNO139 LNADY3d 


‘syzsuel3s pTetA pue oewTI{N Fo ydeis AoTLe NOZTH'O-UN3ZS‘°0-BNSP°OL-TV OT 


Qt 


@¢ 


GE 


@S 


‘ainzetodwa} SUIT TOL wWiem snsiaa ‘uot.esUOTOS 


C2) SdaNLedsdWal DNIWV1OY WayM 


A A G) 0, nh NN 

O1 Q ul @ ul @ 

Q Q Q Y GS @ 
ea $ 





NOILVONOTH # 
HLONAYLS ATHIA x 
HLONAULS ALVWILTN + 


NOXEP NW%2S°-OW%b *BI-IY 


se 
4 


"3Ty 
J 
BE 
= 
= 
ap 
D 
Z 
as 
~< 
4 
ae) 
= 
a 
ae x 
7 
za 
O 
8 
zs 
a6 Zh 
i 
gat 


61 


aa Hoon 





ota ec 1odio 7 


SUT[T [OL WIM 9,002 32 SAOT[® [1[e 10F syzsus14sS 9ATeIeduUOD SO Uae Lo) [iad t-] 


SAOTIH PBW-IY 















BE 
nD2¢H°0 nOsTbv'o ay 
-UN3ZS°O | -UNSZS°D | UNS7S°0 | NDSTH'O nOsov'O |. 
-BW%b°OT-TV]-SN% ZZ °8- TV]-3N3 2° OT-TVp-BNS5°OT-Tv]-8NSbL8-Iv) BN3Z°OT-Tv| 3N%8-IV 
BS 





B88 


O6 


(OPE) SSabONeaLS aNligecane. 


BB) 


= arin 


Gio) FLoNaatS Gast, aNe 


62 





-9sinieroduws 


SUTT [OL W1IeM 9,052 32 SAOTTG [Te OF Syzsusiis satAJeIedwod Fo ydelyn ZT “3ty 


SAOT18 SBW-LH 




















BE 

NnDI3¢h°O nDzTP' 0 | Br 
-UNSZS°O | 2UWS7ZS°0 UW%Z7S °0 nostro ndS0b°O 

-3NSb° OL-IVI-3N3 77? 8- TVI-8N$Z° OL-ITV] 8N3¢O° OT-TV [-38N3 PL 8-IV}-3N%Z OT-IVI 8 38N38-TV 

BS 

B2 

08 

BE 

CBT 


C2 BS¢e) SHLONAALS SJATLEAbdWOO 


© LTA 


StS) sLoNsaS 


Q13IA GN 


63 





“3J1niePI9adway 


SUTTTOL WIeM J,00¢ 38 SAOTTS TTB 1OF SyusustIAZS sATJeIedwod Jo ydetin ECT °3BTY 


SAOT1¥N PW-Ib 


BE 
NDsTr'0 
-UNSZS°0 UNS ZS °0 UN%ZS °0 Ns ‘0 
Bb 
-BN% 7° OT-TV]-3N3ZZ° 8- TY 3N3Z° OT- TV]-3NS 4° OT-TW-3NSH1°8-TYy 8NZZ°OT-TV] 3N%8-TV 
>| 
aren ; 


B88 















B6 


BBT 


CS OO) SSHHONSAIS SBALIBAaadNOO 


Sait 


Ghon) sHLONSatsS Gist, GNe 


64 





1100-0 
1100-H14 


1100-H18 
9052-0 


5052-H34_ 


9052-H38 


5083-0 
§083-H343 


6061-0 


6061-14 
6061-16 


2024-0 
2024-T3 
2024-T86 
7075-0 
7075-16 
7078-0 
7078-16 


Al-10.2%Mg 
A1-10.4%Mg 


0.52%Mn- 
0.432Cu 


Ho. 14 


© ° 
mn 


(KSI) 


0 10 20 30 40 50 60 70 80 90 00 
— Ea NON-HEAT TREATABLE 

ane, 

FAN SR VL YS 

__ eS 

WAR ALL LLY | *. 

Se CoSTSY YIELD STRENGTH 

AWAY (———] ULTIMATE STRENGTH 


, 
ls 
ie 
g 
e 
a 
wo 
g 
@ 
4 
iY 


MELERERERLEEREERRT 


4 
g 
¢ 
6 
C 
gp 
0g 
a 


LLRBABRERERERERBEBERET:! 


HEAT TREATABLE 


a aan’ 


. 


LABSRALAT 


AASASAAASAS ASA! 


pRB 


AVE 
Ait 
Al 
saue 
ib 
sues 
Ate 
AIL 
sans 
Ald 
AIC 
wit 
Alt 
AlY 
Cag 
ai 
AP 
Ain 
pun. 
a 
# 
) 
g 
@ 
p 
g 
a 
é 
g 
4 


BRR ES 


NY VLAV LAL ALELELLLVLLLLAELAULELL LILLE YL! 


Wat 


A 
ep 
[ 
~ 
is 
, 
g 
J 
# 
c 
(2 
a 
a 
2 
ra 
é 
a 
ig 
g 
ie 
4 
g 
eo 
ge 
é 
g 
c 
A 
pf 
€ 
LC 
a 


THIS WORK 





A 
a 
s 
4 
ge 
s 
a 
ie 
a 
p 
J 
gp 
eC 
oe 
4 
g 
9 
4) 
@ 
g 
gp 
4 
é 
sg 
g 
J 
g 


rT ERLE KH ABLE REAEAAAEE EERE LERCARCALAL ELRCABLEVLALEDS YL 


10 20 30 40 60 70 80 90 100 


CiKSt ) 


Tensile and yield strengths for 063 sheet and 
comparative strengths from this work. 


65 





Go Ss wie Diy ak Ug 4, 
Yj Ye 


riggs 
,. 
%, 






4 OP J vy) Yi f 
6 , Dee 
MS j yy’ 
. 4 


Yh, 49,4," 
ey 


Yi 

4, Ly BheZ, A 
Ly Mth 3 
4 


2 


by 
ie 4 
4% 





(c) (d) 


ig. 15-1 As-cast microstructures of (a) A1-8.14%Mg- 
(b) A1-8.22%Mg-0.52%Mn-0.41%Cu, (c) A1-10 
(d) A1-10.3$Mg-0.41%Cu. 
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ke) (f) 


Fig. 15-2 As-cast microstructures of (e) A1l-10.2%3Mg-0.527Mn, 
(£) Al-10.43Mg-0.52%Mn-0.43%Cu. 
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Fig. 16-a As-cast micro- 
Structure of Al-10.2%Mg. 





Fig. 16-b As-cast micro- 
Structure of Al-10.2%Mg, 
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Fig. 18-2 Al-8.14%Mg-0.40%Cu warm rolled at (e) 380°C and 
(f) 420°C using standard thermo-mechanical process. 


fe 








ce) 


72 





Fig. 19 Al-8.22%Mg-0.52%Mn 
-0.41%Cu (a) After ten hours 
solution treated at AAC 
(b) Additional one hour solu- 
tion treatment at 490°C and 
(c) Additional three hour 


solution treatment at 490° 
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A1-10.3%Mg-0.41%Cu warm rolled at (e) 400°C and 
(£) 440°C using standard thermo-mechanical process. 
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Fig. 24-2 Al-10.2¢Mg-0.52%Mn warm rolled at (e) 400°C and 
(f) 440°C using standard thermo-mechanical process. 
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See Al-10.2¢Mg-0.52¢Mn warm rolled at (e) 400°C and 
(£) 440°C using standard thermo-mechanical process. 
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big.) 20-2 A1-}0.4%Mg-0.52%Mn-0.43%Cu warm rolled at (e) 
400°C and (f) 440°C using standard thermo- 
mechanical process. 
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